Daily temperature measures are commonly used when examining the association between temperature and mortality. In fact, temperature measures are available 24 hours a day and more detailed records may provide a better prediction of mortality compared to daily statistics. In this article, monthly stratified analysis modeling for mortality is conducted for the total population as well as the stratified elderly and younger subgroups. We identified the most significant time during the day that is associated with daily mortality. Surprisingly, the estimates of relative risk and magnitude of associations derived from the hourly temperature measures are similar or even stronger compared to those modeled by the daily statistics. This phenomenon remains true for lagged hourly temperature measures and the changing patterns of associations from January through December are revealed. In summary, people are the most vulnerable to temperature variations in the early morning around 5 am and the night time around 8 pm.
Introduction
Studies in several countries have suggested that either hot or cold temperatures may significantly increase daily mortality rates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In addition, people who live in colder places are less affected by cold weather [1, 7] , while those in hotter climates are better adapted to extreme heat [12, 15] . High winter mortality during cold temperatures was also reported in a subtropical city, Guangzhou, China [16] .
A distinctive pattern of temperature is that it recurs daily, and the range of temperature during the day, which is measured by the difference between the daily maximum and minimum temperature, can be quite broad. The daily maximum temperature usually occurs in the middle of the day, which often coincides with the peak time for outdoor activity. In contrast, the daily minimum temperature is usually measured at night when most people are indoors. Generally speaking, the daily mean temperature, which is an average of multiple observations in the same day, is thought to be a good estimate of exposure and less affected by measurement errors compared with other temperature data, has been shown to be associated with mortality [1, 3, 4] , while others have examined impact of the daily minimum and maximum temperature [9] .
The popular distributed lag model [18] [19] examines time series data in which a regression equation is used to predict current values of a dependent variable based on both the current values of an explanatory variable and the lagged (past period) values of the explanatory variable. The application of the distributed lag nonlinear model [20] was used to identify mortality risks based on all causes, including circulatory and respiratory diseases for the elderly in Taiwan [21] . Adjusting for the monthly effect, the relationship between the heat index and mortality in 6 major cities in Taiwan was identified [22] .
Although the temperature data are measured hourly, the mortality data are still recorded daily in our database. If the hourly mortality is available, the distributed lag model could be implemented using 24-hourly temperature measures as the joint predictors. However, mortality is recorded daily and the distributed lag model may not be the optimal method for such data structure. Nevertheless, even if the hourly mortality is available and the distributed lag model is fitted to the hourly temperature measures, the interpretation is the overall temperature effect in the past 24 hours to the current hourly mortality. Since the aim of this study is to discover the specific time when people are most vulnerable to temperature variations during their daily life, we implement Poisson regression using generalized linear model for each hourly temperature measure.
Materials and Methods

Study area
This study carries out monthly stratified analysis and demonstrates various impacts of temperature measures on mortality among different groups of residents of all ages, as well as the younger group (population aged 64 years or younger) and elderly (population aged 65 years or older) people in 6 major cities (Keelung, Taipei, Taichung, Chiayi, Tainan, and Kaohsiung) in Taiwan 
Mortality data
In Taiwan, all deaths are reported to the township and district household registry office; the National Death Registry database was obtained from the Department of Health (with no personal information involved). Vital statistics contained underlying cause-of-death, age, sex, place of death and household registration. The total non-accidental causes mortality rate (per 100,000) for 6 cities was estimated using the number of deaths due to non-accidental illness (ICD-9: 001-799; ICD-10: A00-R99) as the numerator and the total population in the corresponding region as the denominator. Mortality included the death rate of the total population, the younger population and elderly population. Because the National Death Registry database is a secondary database without detailed personal information (e.g. ID number and address), all data were analyzed anonymously.
Meteorological and air quality data Figure 1 .
Statistical analysis
Since the distributed lag model that utilize 24 hourly measures in one model is not the optimal method for the hourly temperature data, the main association between hourly temperature measures and daily mortality was assessed by Poisson regression models. Let Y be the daily mortality, we have Y e Po(m). As a result, the main model is log (m)~log ( exp osure)zb t Temp, where ''Temp'' is the hourly temperature measure and ''log(exposure)'' is the offset. Since 24 models were fitted separately for each hourly temperature measure, the issue of co-linearity using 24 hourly statistics is avoided. Daily temperature measures (mean, minimum, maximum, and range) as well as the hourly mean temperatures were the primary predictors analyzed as continuous variables. Models were adjusted for air pollutants, city effects, calendar year, daily relative humidity, and holidays. For air pollutant data, including all daily statistics such as minimum, maximum, mean, and range, the maximum PM 10 and mean O 3 were adjusted in the model, since they have the most significant association with daily mortality in our data. Different daily PM 10 and O 3 were analyzed as the sensitivity analysis. However, the effect estimates are quite similar. Take the O 3 for an example, the most significant association is in June for both daily maximum and mean O 3 . The corresponding results are displayed in Table S1 . Regarding the city characteristics, researchers could perform time-series analysis for one city with temporal correlations and then apply meta-analysis to combine the effects of several cities. However, Taiwan is relatively small and stratified analyses of the six cities yielded very similar results. Therefore, instead of the meta-analysis approach, the city effect was considered as a fixed effect in the Poisson model. Relative risk could be estimated since we employed a natural logarithm to transform the population size of each city. Because the lag effects of hot, cold, the daily maximum, minimum, and mean temperature on morbidity have been extensively studied to date, these statistics were included in the analysis. Sixty-five years-old was the cutoff point to define the subgroups and the differentiated effects of temperature on daily mortality among the younger and elder populations were modeled separately.
Conventionally, the seasonal effect is either adjusted in the statistical model or the analysis is stratified by the four seasons. However, we discovered extremely significant interactions between the seasonal effect and daily temperature measures when correlating daily mortality in Taiwan. The interactions between the seasons and daily temperature measures on mortality were assessed by the interaction P-values, which were calculated based on comparisons between the full model (with interaction terms of season by temperature) and the reduced model (with season and temperature as the main effect factors).
In Table 1 , all daily temperature statistics are indicated in the first column, adjustments for PM 10 and O 3 are indicated in the second column, and stratifications by the four seasons are shown in the third column. Interaction pvalues are separately displayed for the elderly, the younger group, and the total sample. We discovered that even when data were stratified by the four seasons, the three months within each season still suggested mostly significant interactions between temperature measures and months (the seasonal effect) additionally adjusted for O 3 exposure. Results additionally adjusted for PM 10 instead of O 3 were similar and thus the results are not shown. As a consequence, the adjustment for the seasonal effect may mislead the associated findings. Thus, the monthly stratified analysis could better reduce the interaction between the seasonal effect and temperature, avoid erroneous estimates, and capture the fine patterns of association between temperature measures and mortality throughout the year. Therefore, all analyses were conducted in the monthly stratified manner as to better avoid the issue of heterogeneity caused by the seasonal effect.
All statistical analyses were performed using SAS 9.3 and p-values less than 0.05 were considered statistically significant.
Results
The total population and total death count of Taiwan were 23,037,031 and 143,172 in 2008, according to the national statistics of the Taiwan Directorate General of Budget, Accounting and Statistics of the Executive Yuan. The study areas were 6 major cities of which the total population occupies 48.5% of the total population of Taiwan (Keelung 1.7%, Taipei 11.4%, Taichung 11.4%, Chiayi 1.2%, Tainan 8.1%, and Kaohsiung 12.0%). Furthermore, the total death count of six cities was 44.9% of the total for Taiwan (Keelung 1.8%, Taipei 10.9%, Taichung 9.7%, Chiayi 1.2%, Tainan 9.1%, and Kaohsiung 12.2%).
In Table 2 , we present the associations between mortality and different temperature measures after controlling for potential confounding variables. ''Mean'', ''Max'', ''Min'', and ''Diff'' represent the most significant daily statistics and the corresponding months. In an effort to provide an easier application and clearer presentation of the hourly temperature analysis, we selected ''5 am'' and ''8 pm'' instead of the most significant hours that vary slightly from month to month. The most significant hourly associations are very close to these two specific times. Regarding the issue of multiple testing due to 24 separate hourly models, we could see that most p-values in Table 2 survive the stringent Bonferroni's correction for multiple testing, which is the significance level being divided by the 24 hourly tests (0.05/24). In Figures 2 to4, the relative highs or lows are mostly around 5 am and 8 pm. Results adjusted for PM 10 are shown in the Table S2 . The hourly associations are consistently good surrogates for daily analysis across the elderly, the younger group, and the total population. This phenomenon remains for the analysis using lag 0 to lag 3 temperature measures. We performed further analyses with more lagged hours and the results were similar to those shown in Table 2 . Therefore, results of more lagged hourly measures are not included.
The patterns of associations in 24 hours adjusted for daily mean ozone exposure are presented in Figure 2 , Figure 3 , and Figure 4 for the elderly, the younger group, and the total population, respectively. measures and daily mortality. The associations are mostly significant in the colder months (November -February) and some are significant in the hotter months (June -September). In all figures, increasing hourly mean temperature, from lag 0 to lag 3 measures, consistently reveals a protective effect for human health in colder months since the relative risks are below that reference line. However, higher hourly mean temperatures show an adverse effect on human health in hotter months, because the relative risks generally exceed 1. Comparing Figure 2 to Figure 3 , we see that the elders are more affected by temperature variations comparing to the younger population. Figure 4 shows the mixed information from Figure 2 and Figure 3 . In the significant associations, the early morning around 5 am and the night time around 8 pm show the greatest impact on mortality. Therefore, the results suggest that elders in particular should be more aware of temperature variations in the early morning and night time.
Discussion
To date, hourly temperature has not been modeled for daily mortality. It is worth noting that hourly temperature models conveyed somewhat different messages other than the daily analysis. Daily temperature models attempt to describe the association between daily mortality and temperature [21] [22] [23] [24] , while hourly temperature models not only assess such associations, but also indicate the specific time of day that affects human health the most. Our study finds that temperature in the early morning (e.g. 5AM), which is usually the lowest daily temperature, is significantly associated with daily mortality. This finding is consistent with previous studies that have found that extreme temperatures are associated with mortality [25] [26] [27] [28] [29] . One previous study also found that falls in ambient temperature contribute to excessive cardiovascular-related mortality [29] . This could further verify the strong association between early morning temperature with daily mortality, since people may experience dramatic decreases in ambient temperature when exposed to relatively cold outdoor temperatures compared with indoor ones when engaged in certain activities, such as commuting by motorcycle or outdoor morning exercise. In addition, the night time around 8 pm also revealed significant associations. Our hypothesis is that when people are getting out of bed or going to bed, they wear the minimum clothes and hence embrace the most impact from temperature variations, especially the elderly whose sleep pattern is associated with health [30] [31] [32] .
This study adopts monthly stratified analysis and investigates the various impacts of both daily and hourly temperature measures on daily mortality in different populations. In the elderly population, without the considerations of hourly temperature, the daily range of temperature had the most significant impact on mortality in both spring and fall, while the mean, minimum and maximum temperature measures were strongly associated with mortality in winter and summer. The analysis of hourly temperature data provides the most significant associations (the smallest p-values) in most scenarios. This phenomenon is similar in the younger population, who are affected the most by temperature measures in hot months. Analyses show mixed information for the total population, since the older populations were affected by temperature differently comparing to the younger population. Nevertheless, the hourly temperature measures outperformed the daily statistics in most situations and the most crucial time of day that affects human health are quite consistent. A previous study reported the U-shape relationship between temperature and all-cause mortality among the Taiwanese elderly population, where the natural cubic spline, which is a widely used statistical technique in time-series analyses, was implemented to control for the unmeasured/residual confounding effects using calendar time as a proxy [21] . However, the natural cubic spline assumes a smoothing relationship between calendar time and mortality. Thus, this study may be limited by imperfect controls for monthly confounding as well as ignorance of monthly modifications in temperature-mortality relationship. There are also more reports suggesting a non-linear association between temperature and mortality [26, 27] . In contrast, our study assesses the association between temperature and mortality by monthly stratification so as to minimize the confounding effects of calendar time and to allow for the heterogeneous association between temperature and all-cause mortality. We assume a linearrelationship between the daily/hourly temperature measures and mortality given the small range of temperature measures within each month, since the daily temperature measures and the high resolution of hourly temperature measures demonstrate a somewhat linear relationship with daily mortality.
Some of the limitations of this study are mentioned as follows. First, some important factors that vary significantly by city may not be fully adjusted in the regression models that incorporate the city as a covariate. Second, the misclassification of temperature measurements may overestimate or underestimate the association with short-term mortality based on the scenario of exposure misclassification (differential or non-differential settings).
The strengths of this study include: 1) monthly stratified analysis is influenced less by the effect modification of seasons on the association between temperature measures and daily mortality when compared to other strategies such as seasonal adjustments or stratifications, 2) fine resolution of hourly temperature measures provides similar or even stronger association with daily mortality, 3) the proposed method discovered the most crucial time of a day that affects human health and various patterns of associations from January through December.
Based on the results, it is recommended that the public could be more aware of the temperature forecast for the early morning around 5 am and night time around 8 pm, rather than just focusing on the daily mean, minimum, maximum and range. Figure S1 . Relative risk of hourly temperature in the elderly population adjusted for PM 10 . Models were adjusted for daily maximum PM 10 , city effects, calendar year, daily relative humidity, and holidays. doi:10.1371/journal.pone.0113195.s001 (DOCX) Figure S2 . Relative risk of hourly week in the younger population adjusted for PM 10 . Models were adjusted for daily maximum PM 10 , city effects, calendar year, daily relative humidity, and holidays. doi:10.1371/journal.pone.0113195.s002 (DOCX) Figure S3 . Relative risk of hourly temperature in the total population adjusted for PM 10 . Models were adjusted for daily maximum PM 10 , city effects, calendar year, daily relative humidity, and holidays. doi:10.1371/journal.pone.0113195.s003 (DOCX) Table S1 . Sensitivity analysis of O 3 using the daily mean temperature in the elderly population. doi:10.1371/journal.pone.0113195.s004 (DOCX) 
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